the cytoskeleton, in particular the actin cytoskeleton, as actin has been shown to regulate a series of chondrocyte characteristics including phenotype, 6, 7 viscoelasticity, 8, 9 stiffness 10,11 and responses to chemical/mechanical stimuli. 12, 13 Like other eukaryotic cells, the actin cytoskeleton of chondrocyte is connected with the extracellular matrix (ECM) through focal adhesion. Zyxin is a LIM protein that concentrates at focal adhesions and is known to function as a mechanosensitive protein due to its ability to mobilize and relocate from focal adhesions to actin stress fibres in response to mechanical cues. 14 Zyxin contains a number of dynamic structural features, including a proline-rich domain that interacts with Ena/vasodilator-stimulated phosphoprotein (VASP) family members, a nuclear export signal that allows translocation between the nucleus and cytoplasm, and three C-terminal LIM domains involved in protein-protein interactions. 15 Recent studies
show that zyxin could reinforce the actin cytoskeleton of human airway smooth muscle cells 16 and could regulate endothelial von
Willebrand factor secretion by reorganizing actin filaments around exocytic granules. 17 However, the modulating role of zyxin on actin in chondrocytes has not been elucidated.
Vinculin, an actin-binding protein considered to reinforce cellcell and cell-matrix adhesions, is a component of both integrin-and cadherin-based adhesion complexes and is recruited to both types of adhesions rapidly in response to mechanical cues through its interactions with talin and ɑ-catenin, respectively. 18, 19 Vinculin plays an important role in maintaining tissue integrity and is essential for persistent directional cell migration, indicating a role in forming a polarized connection between the actin cytoskeleton and adhesions. 20 Moreover, studies have shown that vinculin and zyxin are colocalized at focal adhesions. 14, 21 Therefore, vinculin might be involved in the interaction between actin and zyxin.
In this study, we investigated the modulating effects of zyxin on actin cytoskeleton and vinculin focal adhesion by constructing zyxin-knockdown chondrocyte model. We performed immunofluorescence, qRT-PCR and Western blot to measure actin and vinculin expression as well as collagen production of chondrocyte. Moreover, to study the influence of actin on zyxin and vinculin, we tested the changes of zyxin and vinculin when chondrocytes were treated with transforming growth factor-β1
(TGF-β1), as TGF-β1 has been shown to mediate chondrocyte actin cytoskeleton through Ras homolog gene family, member A (RhoA) pathway.
22,23
2 | MATERIAL S AND ME THODS
| Chondrocytes isolation and culture
Primary chondrocytes were harvested according to a previous protocol. 24 The New Zealand rabbits were purchased from the Third Military Medical University (Chongqing, China 
| Quantitative real-time PCR
Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and the RNA concentration was determined using a 
| Alcian blue staining
The cells were washed with PBS and fixed with 4% formaldehyde for 10 minutes at RT. Then, the cells were washed three times with PBS and stained with Alcian blue (Cyagen, Santa Clara, CA, USA) for 30 minutes. The cells were washed again three times with PBS and imaged with microscopy. Staining was quantified by solubilizing the sample in 6 mol/L guanidine hydrochloride for 8 hours at RT according to a published method. 26 The OD value at 620 nm was measured by spectrophotometry.
| Western blot
The cells were lysed in RIPA with PMSF (Beyotime, Shanghai, China)
on ice for 5 minutes and removed with a scraper. Then the lysate was centrifuged at 16 100 g for 5 minutes, and the supernatant was collected. The protein concentration was determined by BCA Protein Assay Kit (Beyotime). The samples were diluted with SDS-PAGE Sample Loading Buffer (Beyotime) and kept at 100°C for 10 minutes.
20 μg of protein was loaded in 10% SDS gel (CWBIO, Beijing, China) and run for 1 hour at 120 V followed by transferring onto a PVDF 
| Actin quantification
Quantification of F-actin to globular actin (G-actin) ratio was also performed by Western blot according to a previously published method. 
| Statistical analysis
Data were represented as mean ± standard deviation (SD) and obtained from three independent experiments. One-way analysis of vari- Figure 1A ). Among these siRNA, #1009 resulted in a best knockdown of zyxin gene and was used in the following experiments.
Chondrocytes transfected with #1009 siRNA showed a similar morphology but a weaker zyxin staining compared to NC group ( Figure 1B ). In line with the gene expression data, zyxin protein expression in chondrocytes transfected with #1009 siRNA was also much lower (63.98 ± 8.38%) than NC group ( Figure 1C ).
| Zyxin knockdown impairs F-actin of chondrocyte
After zyxin knockdown, chondrocytes were double-stained with zyxin and F-actin (Figure 2A ). #1009 group (zyxin knockdown)
had fewer actin stress fibres and a slightly lower F-actin intensity ( Figure 2B ) than NC group, both indicating a minor impairment of actin cytoskeleton in #1009 group. This was confirmed by Western blot analysis: in NC group, ~45% of actin was soluble G-actin and ~55% of actin was filamentous F-actin; while in #1009 group, ~55% of actin was G-actin and ~45% was F-actin ( Figure 2C ). All these results indicated that zyxin knockdown impaired the actin cytoskeleton, as a fraction of F-actin disorganized into soluble G-actin.
| Zyxin knockdown reduces vinculin expression of chondrocyte
After observing the role zyxin plays in maintenance of actin cytoskeleton, we investigated the effect of zyxin knockdown on the expression of focal adhesion protein vinculin. Immunofluorescence staining showed that vinculin deposition in #1009 group was more concentrated at cell edge compared to that in NC group ( Figure 3A) , and vinculin intensity in #1009 group was slightly lower ( Figure 3B ).
PCR results showed that vinculin gene expression was decreased to 43.23 ± 1.48% in response to zyxin knockdown ( Figure 3C ). Similarly, Western blot analysis demonstrated that vinculin deposition in chondrocytes reduced to 65.24 ± 5.94% after zyxin knockdown ( Figure 3D ).
| Zyxin knockdown affects collagen production of chondrocyte
We next monitored the expression of chondrogenic marker COL II, de-differentiation marker COL I and hypertrophic marker COL X. Immunofluorescence staining showed that COL II and COL X deposition in chondrocytes of #1009 group was weaker than that of NC group ( Figure 4A,B) . In line with the staining results, COL II and COL X gene expression decreased to 34.04 ± 11.61%
and 84.32 ± 4.95%, respectively in response to zyxin knockdown ( Figure 4C ). In line with the gene expression data, Western blot analysis also showed that COL II and COL X deposition in chondrocytes reduced to 44.92 ± 6.06% and 86.07 ± 4.47%, respectively after zyxin knockdown ( Figure 4D ). There was no difference in COL I expression between the two groups at either gene or protein level.
| TGF-β1 increases F-actin and vinculin expression but reduces zyxin expression, which in turn affects chondrocyte differentiation status
After observing the important role zyxin plays in maintenance of actin cytoskeleton and collagen matrix, we treated the chondrocytes with TGF-β1. Phalloidin staining demonstrated that the Factin deposition in chondrocytes increased, and the formation of stress fibres was enhanced; zyxin staining showed that in control group zyxin was located at the cell circumference; while in TGF-β1 treatment group, zyxin was more located at cell ends; for vincu- approximately an 80% increase in response to TGF-β1 treatment ( Figure 6C ). Western blot analysis further confirmed that COL II deposition decreased, and COL I deposition increased in chondrocytes after TGF-β1 treatment ( Figure 6D ).
| D ISCUSS I ON
The major findings of this study were (a) zyxin knockdown of chondrocytes resulted in a lower expression of actin cytoskeleton and vinculin focal adhesion, as well as a declining production of COL II and COL X; (b) TGF-β1 treatment induced a reinforcement of actin cytoskeleton along with vinculin and COL I upregulation and a marked decline of COL II expression. These findings indicate that in chondrocytes the zyxin-involved actin regulation has a major impact on collagen ECM synthesis of chondrocytes.
In our study, the zyxin-knockdown-induced changes of actin cytoskeleton were evidenced by reduced stress fibres and increased G/Factin ratio (Figure 2) . It has been shown in other cell types that zyxin recruits actin polymerization factors such as VASP and actin crosslinkers such as alpha-actinin, these factors are essential to ensure the assembly of actin bundles into stress fibres. 29, 30 This could explain our finding in chondrocytes that zyxin knockdown weakens actin polymerization. To examine whether alteration of actin cytoskeleton leads to corresponding changes of chondrocyte focal adhesion, we mea- Cytoskeleton disassembly rapidly down-regulates TGF-β type II receptor levels, and this down-regulation leads to reduced activation of downstream effectors Smad2/Smad3 and connective tissue growth factor, resulting in a decreased collagen production. ras-related C3 botulinum toxin substrate 1 (Rac), cell division control protein 42 homolog (CDC42) or RhoA in a series of cell types. [32] [33] [34] In chondrocytes, the studies of TGF-β signalling are mostly focused on cartilage pathophysiology, 35, 36 38 This finding is contrary to our results here, which might be due to the different local activities of TGF-β1 within these two cell types.
Since TGF-β1 treatment down-regulated the expression of zyxin, we hypothesized that chondrocytes had the same phenotypic changes in response to TGF-β1 stimulation as to zyxin knockdown. Indeed, the GAG deposition and expression of COL II both decreased after TGF-β1 treatment ( Figure 6 ). The reason state has been shown to regulate the actin-binding proteins into and out of the nucleus. 41 In particular, nuclear localization of MRTF allows it to associate and act as a transcriptional co-activator to serum response factor on promoter regions, 42 , therefore, enhancing COL I gene expression ( Figure 7 ).
Overall, there are two limitations of this study. First, a zyxinknockdown model was used, which is inferior to zyxin-knockout model. Second, the chondrocytes were cultured in a 2D environment, which could induce de-differentiation and interfere with phenotype analysis. Nevertheless, our study demonstrated that the zyxin-involved actin regulation has an impact on vinculin focal adhesion and collagen matrix of chondrocytes. When zyxin level is lower than normal, the expression of COL II was mainly affected;
when F-actin level is higher than normal, the expression of COL I was largely increased, and the expression of vinculin parallels with F-actin. In conclusion, our results revealed the important role of zyxin-involved actin regulation in vinculin focal adhesion and collagen matrix of chondrocytes. 
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